We present new results on the calculation of the dark matter relic abundance within the Higgs induced right-handed neutrino mixing model, solving density matrix equation. For a benchmark value of the dark matter mass M DM = 220 TeV, we show the evolution of the abundance and how this depends on reheat temperature, dark matter lifetime and source right-handed neutrino mass M S , with the assumption M S < M DM . We compare the results with those obtained within the Landau-Zener approximation showing that the latter largely overestimates the final dark matter abundance. However, we also notice that since in the density matrix formalism the production is non-resonant, this allows source right-handed neutrino masses below the W boson mass, making dark matter more stable at large values of its mass and this still allows an allowed region in the case of initial vanishing source right-handed neutrino abundance. For example, for M S 1 GeV, we find M DM 20 PeV. Otherwise, for M S > M W ∼ 100 GeV, one has to assume a thermalisation of the source right-handed neutrinos prior to the freeze-in of the dark matter abundance. In this case one has a large allowed range for the dark matter mass, depending on M S . For example, imposing M S 300 GeV, allowing also successful leptogenesis from decays, we find 500 GeV M DM 0.5 PeV. We also comment on how an initial thermal source right-handed neutrino abundance can be justified and notice that our results suggest that also the interesting case M DM < M S , embaddable in usual high scale two right-handed neutrino seesaw models, might be viable.
Introduction
There are different proposals for extending the Standard Model within a picture able to explain neutrino masses and mixing and at the same time able to address two of the most compelling cosmological puzzles: dark matter (DM) and matter-antimatter asymmetry of the universe. Such extensions are traditionally based on new physics at energy scales unaccessible with ground laboratories and, therefore, usually untestable. Moreover, one of course would like to consider models that are as minimal as possible. An attractive extension that fulfils both conditions, testability and minimality, and that is able to explain in a unified picture neutrino masses and mixing, dark matter and the matter-antimatter asymmetry of the universe with leptogenesis is the scenario of (cold) dark matter from Higgs induced right-handed neutrino mixing (Higgs induced RHiNo DM) [1, 2] . This is based, in addition to a traditional type-I seesaw Lagrangian extension of the SM with right-handed (RH) neutrinos, on the introduction of a non-renormalizable 5-dim operator,
coupling the standard Higgs doublet to RH neutrinos. We will refer to this operator as the Anisimov operator [3, 4, 1] . It can be regarded as a special case of Higgs portal operator, though not strictly falling within the categories considered in [5] . The interesting feature of the Anisimov operator is that in addition to allow the production of a decoupled RH neutrino playing the role of DM particle, it also predicts a contribution, from RH neutrino DM decays, to the flux of very high energy neutrinos detectable at neutrino telescopes [1] . Therefore, the recent IceCube neutrino telescope discovery of a very high energy neutrino component in excess of the well known atmospheric contribution [6, 7, 8, 9, 10] , prompts the question whether, in addition to an expected, though yet largely undetermined, astrophysical component, the IceCube signal might also receive a contribution of cosmological origin from DM decays. Initial analyses mainly focused on a scenario where heavy DM decays can explain the whole signal and in particular an excess of PeV neutrinos in early data [11, 12, 13] . This possibility seems now disfavoured by the data [14] , though not completely excluded [15] . However, current IceCube data on the energy spectrum favour the presence of an extra-contribution in addition to a traditional astrophysical component accounted by a power law with power γ −2, as predicted by the Fermi mechanism [16] . Different analyses have shown that in particular the addition of a contribution from DM decays can help explaining the IceCube data [17, 18, 19, 15] . In particular, Higgs induced RHiNo DM also provides a good fit to the data for DM masses in the range ∼ 100 TeV-1 PeV [2] . After the IceCube discovery of very high energy neutrinos, different analyses within various models have been presented that could potentially produce an excess with respect to an astrophysical component [20, 21, 22] . However, Higgs induced RHiNo DM has the attractive feature of minimality and predictive power, namely that the same interactions, described by the Anisimov operator (1), can be responsible both for DM production and for its decays. Evidence of such a predictive power is that already in the original proposal, prior to IceCube discovery, it was pointed out how the allowed range of DM masses could be probed by neutrino telescopes and in particular by IceCube [1] . At the same time the model explains neutrino masses and mixing within a traditional type-I seesaw mechanism and the matter-antimatter asymmetry of the universe with leptogenesis. In this way a unified picture of neutrino masses, dark matter and leptogenesis, satisfying all experimental constraints, is possible within a certain region in the DM mass-lifetime plane [2] .
This intriguing phenomenological picture provides a strong motivation for a more detailed calculation of the Higgs induced RHiNo DM relic abundance, a key ingredient for the determination of the allowed mass range. In [1, 2] different approximations and simplified assumptions were adopted. In particular, a simplistic Landau-Zener (LZ) approximation was used to calculate the fraction of source RH neutrino abundance that gets non-adiabatically converted into a DM RH neutrino abundance. In this paper we present results on the calculation of the relic DM abundance using density matrix equation.
There are analogies with the calculation of a (light) sterile neutrino abundance from active-sterile neutrino mixing [23] that can lead to a warm DM solution for keV sterile neutrinos [24] . However, the great difference and complication, is that in the case of Higgs induced RHiNo DM the vacuum mixing angle vanishes and its role is replaced by a misalignment between the Yukawa interactions and the Higgs induced interactions. This depends on temperature, making the evolution of the system more complicated. In the calculation we still employ a monochromatic approximation and we leave a full momentum dependent calculation for a future investigation. In the final discussion we briefly comment on a momentum dependent extension of the results.
We also consider the dependence of the relic DM abundance on the initial conditions, in particular the dependence on the initial source RH neutrino abundance and on the reheat temperature.
The paper is structured as follows: in Section 2 we review the model but also improve different results such as the lifetime for two body decays and generalise others, such as we notice that the four body decays upper bound on M DM does not apply when the source RH neutrinos are lighter than the Higgs boson; in Section 3 we introduce the density matrix formalism and the equations we solve; in Section 4 we show the evolution of the DM abundance for a benchmark case M DM = 220 TeV but showing the dependence on T RH , τ DM and M DM /M S . For this benchmark case we also show an example of how observed DM and matter-antimatter asymmetry of the universe can be simultaneously reproduced. In Section 5 we show the bounds on M DM within different assumptions. In Section 6 we conclude, briefly discussing how the presented results can be extended in different ways. Appendix A contains a derivation of the two body decay rate.
Dark matter from Higgs induced right-handed neutrino mixing and the LZ approximation
Let us briefly review the RHiNo DM model and how the relic DM abundance is calculated and DM mass constraints derived within the LZ approximation. At the same time we improve and extend some results on the lifetime of the DM RH neutrino. The effective Lagrangian is given by the traditional type-I seesaw Lagrangian [25] with three RH neutrinos with the addition of the Anisimov operator. Before electroweak spontaneous symmetry breaking one has (α = e, µ, τ and I, J = 1, 2, 3),
where L T α ≡ (ν Lα , α L ) are the leptonic doublets, Φ is the Higgs doublet and Φ ≡ i σ 2 Φ , the h αJ 's are the neutrino Yukawa couplings in the flavour basis where both charged lepton and Majorana mass matrices are diagonal, and we defined
After spontaneous symmetry breaking the Higgs vev generates a neutrino Dirac mass matrix m D = v h. One of the three RH neutrinos is assumed to have vanishing Yukawa couplings so that one of the three columns in h and m D vanishes. This assumption can be justified imposing, for example, a Z 2 symmetry. For this reason the seesaw formula,
where U is the leptonic mixing matrix, reduces to the two RH neutrino case with vanishing lightest neutrino mass m 1 = 0, so that the model strictly predicts hierarchical light neutrino masses. In the Yukawa basis the Yukawa matrix is by definition diagonal and given by D h ≡ diag(h A , h B , h C ), with h A = 0 < h B < h C , and the transformation between the two bases is described by a bi-unitary transformation
where U R acts on RH neutrino fields and can be regarded as the RH neutrino mixing matrix in the absence of Higgs induced interactions described by the Anisimov operator for λ IJ = 0. In this case the DM RH neutrino Majorana mass eigenstate, that we indicate with N DM , coincides with the Yukawa eigenstate N A and is rigorously stable but also fully decoupled, so that there would be no way to produce it. When Higgs induced interactions are switched on, for λ IJ = 0, they trigger a mixing between N DM and the two coupled RH neutrinos. At finite temperatures the Yukawa and the Higgs induced interactions contribute to the RH neutrino self-energies producing effective potentials that in general are not diagonal in the same basis. The misalignment between the two bases is responsible for RH neutrino mixing. For simplicity, but also because this minimises the constraints from decays, as shown in [2] , it is convenient to assume that the RH neutrino mixing is dominantly between the DM RH neutrino N DM and only one of the other two RH neutrinos with non-vanishing Yukawa couplings, that we refer to as the source RH neutrino and we indicate with N S .
correspond to the vacuum mixing angle. 
where θ m Λ is the mixing angle in matter describing the transformation from mass-Yukawa eigenstates to matter eigenstates given by tan 2θ
where, since θ Λ ≪ 1, we approximated cos θ Λ 1.
heavy DM RH neutrinos, even a tiny amount can be sufficient to reproduce the observed DM abundance. Indeed, the relic DM abundance can be expressed in terms of the DM conversion fraction (N N DM /N N S ) res at the resonance simply as
where (N N S /N γ ) res is the source RH neutrino-to-photon ratio at the resonance. This is an important parameter determined by the initial conditions. The latest 2018 Planck satellite results find for the DM abundance at the present time (combining temperature and polarization anisotropies and gravitational lensing) [27] Ω DM h 2 = 0.11933 ± 0.00091 .
Therefore, one can see that one can reproduce the measured value for (
TeV, as in our case. This is a basic observation on which the mechanism relies.
A simple way to calculate (N N DM /N N S ) res , [1, 2] , is given by the LZ formula,
where the adiabaticity parameter at the resonance, γ res , is defined as
and in our specific case one finds
4 For a generic DM scenario one can write [28] 
where ε c0 10.54 h 2 GeV m −3 , n DM0 and n γ0 410.7 × 10 −6 m −3 are respectively the critical energy density, the DM number density and the relic photon number density at the present time. With the subscript 'f' we are indicating the time when the DM abundance freezes. We are also indicating with
.75 × 11/43 27.3 the dilution factor between the freezing time and the present time calculated within the standard model (entropy production is negligible [29] ). Possible further dilution due to the same degrees of freedom that play a role in DM genesis, in our case the heavy RH neutrinos, is included in the calculation of (N NDM /N γ ) f . This expression gets specialised in our case, within a LZ approach, assuming t f = t res and that all the DM abundance is instantaneously produced at t res via non-adiabatic conversions. We will see in the next section how this changes when the relic abundance is calculated within a more realistic density matrix formalism.
106.75 is the number of ultra-relativistic degrees of freedom at the resonance given basically by the SM value and in the second numerical equation we used for the expansion rate at the resonance H res 1.66
res /M Pl . Let us now take into account the constraints on neutrino masses from the seesaw formula and neutrino mixing experimental results. To this extent, it is useful to define the effective neutrino mass associated to the source RH neutrino, m S ≡ v 2 h 2 S /M S . This provides an easy way to normalise the Yukawa couplings in a way to take automatically into account the seesaw formula and the information on neutrino masses from neutrino mixing experiments. Indeed if we define α S ≡ m S /m sol , where m sol is the solar neutrino mass scale, then necessarily, from the seesaw formula, one has α S ≥ 1. Notice that h S can be conveniently expressed in terms of α S as showing that there are actually only four independent parameters. This expression for z res also shows that z res 1, or equivalently T res M DM , implying that the reheat temperature T RH > T res cannot be too low in this model. 5 Since there is an upper bound T RH 10 15 GeV, this implies some constraints on the allowed region of parameters.
The dependence on the initial conditions is encoded in the value of (N N S /N γ ) res . If one assumes that some mechanism is able to thermalise the source RH neutrinos prior to the resonant conversion, then (N N S /N γ ) res = 3/4, and in this case one obtains
A more interesting case, since it does not rely on any external mechanism, is to assume that after inflation the N S -abundance vanishes and is then produced by the thermal bath through the Yukawa interactions. The production is described by the simple rate equation
where we defined
and indicated with Γ D the total decay rate of the source RH neutrinos, with Γ S the scattering rate and with H the expansion rate. Moreover we are normalising the abundances in way that the thermal equilibrium N S -abundance is given by (27) and in particular in the ultra-relativistic equilibrium one has N eq N S (z S 1) = 1. Since we are now assuming initial vanishing N S -abundance, until decays are negligible compared to inverse decays and N S N eq N S , the rate equation gets simplified into
is the value of z S at the time when the N S -abundance thermalises, one obtains the simple solution
and at the resonance one has [2] 
In this case one obtains for the scale of new physics reproducing the observed DM abundance
showing that it is indeed convenient having expressed Λ DM in terms of z res in the general relation (23) , since in this way z res cancelled out. These results show that Higgs induced interactions in Eq. (1) are potentially able to reproduce the correct DM abundance for a proper choice of parameters. However, the same Higgs induced interactions are also responsible for the N DM 's to decay at the present time, something that implies both constraints to be imposed but also an opportunity to test the scenario, in particular by studying the very high energy neutrino flux discovered at IceCube.
6
There are two decay channels to be taken into account. The first one is the two body decay process N DM → A + S , where A is a gauge boson and S is either a charged lepton or a neutrino with a flavour composition determined by the N S Yukawa couplings [2] . This occurs because even at zero temperature, after electroweak spontaneous symmetry breaking, the Anisimov operator still generates a small (vacuum) mixing angle between N DM and N S given by
This mixing results in the two body decay of N DM with rate
Inserting the expression for θ Λ0 , one then obtains for the inverse decay rate
6 Plus of course in the next section we need to test how these results change solving the density matrix equation. 7 This expression contains a factor 2 that was missed in [2] and that of course goes in the direction to make bounds more stringent. See Appendix A for details on the derivation. 8 In the absence of the Higgs induced interactions, N DM and N S would coincide with the energy eigenstates and N DM would be stable. However, when Higgs induced interactions are turned on, they generate a small non-diagonal Majorana mass term that breaks the symmetry responsible for the vanishing of the DM RH neutrino Yukawa couplings and its stability (see Appendix A). Indeed, if one considers a Z 2 symmetry, the Anisimov operator is not invariant under this symmetry. Notice that this expression is proportional to M DM , correcting the one given in [2] (proportional to M S ).
Using Eq. (19) and imposing Λ = Λ DM , with Λ DM given by Eq. (23), one then finds
IceCube data constrains the lifetime to be longer than τ min ∼ 10 28 s, since otherwise an associated high energy neutrino flux would have been observed. Therefore, imposing Γ −1 DM→A+ S ≥ τ min , one obtains a lower bound on M DM . For initial thermal N S -abundance one has (N N S /N γ ) res = 3/4 and using the expression (24) for z res one obtains a lower bound that is much below the Higgs mass and that is, therefore, meaningless since we are assuming that N DM is heavier than the Higgs boson.
For initial vanishing N S abundance one can use Eq. (30) for (N N S /N γ ) res and in this case one obtains, in the hierarchical case M DM M S , the lower bound
where we defined τ 28 ≡ τ min /(10 28 s).
Another important decay channel for N DM at the present time is the four body decay N DM → 3 A + S . In the narrow width approximation the decay rate is given by [2] 
where
It is important to notice that this expression is valid for M S > M W ∼ 100 GeV. For lower masses the source RH neutrino decays can occur via three body decays, corresponding to five body decays for N DM , and the decay rate is greatly suppressed and does not produce significant constraints.
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Using again Eq. (19) to express h 2 S in terms of α S and imposing Λ = Λ DM (see Eq. (23)) one finds for the inverse decay rate
Imposing again that the lifetime is sufficiently long to escape IceCube constraints implies Γ −1 DM→3A+ S ≥ 10 28 s τ 28 that this time leads to an upper bound on the DM RH neutrino mass given by
9 Notice that GeV −1 6.7 × 10 −25 s. 10 Indeed for three body decays the cross section is phase space suppressed as the fifth power of the mass of the decaying particle. Notice that this case, for M S < M W , has not been considered in [2] .
.
One can notice again that the most conservative bound is obtained for 28 ,
corresponding to an absolute upper bound on the DM mass
28 .
Considering the case of initial vanishing N S -abundance, plugging Eq. 
This upper bound combined with the lower bound (36) identifies an allowed window for the value of the DM mass that, however, because of the lower bound on the lifetime τ ≥ τ min , opens up only in the hierarchical case, for sufficiently large M DM /M S . Imposing
one finds 12 M DM /M S 10 α S τ 28 , with the allowed region opening up when the lower bound on M DM /M S saturates at a value M DM 8 TeV.
11 Notice that the bound is saturated for M S = 10
28 , so that the assumption M S > M W for the four body decays decay constraints holds.
12 This result is clearly more stringent than the result M DM /M S 2.3 α S τ 28 found in [2] because of the more stringent lower bound on M DM as an effect of the two corrections we found to the rate Γ DM→A+ S and also because we are more accurately taking the inverse of the sum of the rates to calculate the life time in the regime where the two rates are comparable.
Notice that since the upper bound (44) 28 . In Fig. 1 we show in purple, for the most conservative case α S = 1, the allowed range on M DM for M S > M W ∼ 100 GeV, calculated, more accurately, using Eq. (45) that also accounts for the lower bound (36) from two body decays (this, however, holds also for M S < M W ). In the case of initial vanishing N S -abundance the constraint T res < T RH 10
15 GeV is automatically satisfied in the region
as discussed, the upper bound on M DM from four body decays does not apply and one is left only with the lower bound from two body decays Eq. (36) . However, there is still an upper bound on the reheat temperature T res < T RH < 10 15 GeV, from Eq. (24), that implies
In Fig. 1 we also show in orange the allowed range on M DM for M S > 1 GeV that is obtained combining the two bounds. Finally, one can impose constraints from leptogenesis [32] . As we have seen, within the scenario we discussed with M S < M DM , there is quite a stringent upper bound M DM 10 9 GeV (see Eq. (43)). Moreover the matter-antimatter asymmetry has to be necessarily generated from the decays of the source RH neutrinos interfering with the third RH neutrino species in order to have non-vanishing CP asymmetries [2] . Since M S M DM 10 9 GeV, below the lower bound for successful leptogenesis in the two right-handed neutrino hierarchical case, M lep 10 10 GeV [33] , the source and the interfering RH neutrinos have to be necessarily quasi-degenerate in order to have sizeable CP asymmetries resonantly enhanced [34] . Moreover, in order to have successful leptogenesis, the scale of generation of the asymmetry has to be necessarily above the temperature at which sphaleron processes, converting part of the lepton asymmetry into a baryon asymmetry, go out-of-equilibrium, with T off sph 132 GeV [35] . Since in leptogenesis from decays the asymmetry is generated at a temperature that is at most half of the decaying RH neutrino mass, this requirement implies a lower bound [2] M S 300 GeV, that can be also recast as a lower bound M DM /M S ≤ 3.3 × 10 −3 M DM /GeV. This upper bound on M DM /M S can be easily combined with the bound on the DM lifetime Eq. (45).
In the case of initial thermal N S -abundance, it is easy to see that this lower bound on M S combined with the upper bound (41) leads to an upper bound on M DM that is much less stringent than the one (see Eq. (43)) coming from the upper bound on T RH .
On the other hand, in the case of initial vanishing N S -abundance one finds, the approximate allowed region
This is clearly more stringent both than the upper bound we derived for M S > M W and for M S < M W , in this second case from the upper bound on the reheat temperature. This allowed region from successful leptogenesis, calculated more precisely from Eq. (45), is shown in green in Fig. 1 for the most conservative case α S = 1 and one can notice that it is quite restricted. 13 In particular one can notice that in this case there is quite a stringent upper bound on the DM lifetime τ DM 4×10 28 s. The existence of this upper bound shows that the possibility to combine DM with leptogenesis within this model will be certainly tested in the next future at neutrino telescopes. However, such a marginal allowed region legitimately questions whether a calculation of the DM abundance within the simple LZ approximation gives the correct results, thus motivating a calculation within a density matrix description.
Density matrix formalism
In this section we go beyond the LZ approximation and calculate the DM relic abundance within the density matrix formalism [37] . The use of density matrix within neutrino physics in the early universe has a long history. The most traditional application is the study of active-sterile neutrino mixing in the early universe [38] . In that case a comparison between the LZ approximation and the density matrix formalism was made in [39] finding quite a good agreement. The use of a density matrix formalism plays also a crucial role in the study of RH neutrino mixing in leptogenesis from neutrino oscillations [36, 40] . The density matrix formalism also proves to be very important in the description of flavour effects in leptogenesis [41] . In the absence of Higgs induced interactions, the only interactions able to produce the source RH neutrinos would be the Yukawa interactions so that the N DM 's would be completely decoupled. Therefore, Yukawa interactions would produce only source RH neutrinos (barring the third RH neutrino species for the time being). This production can be described by a density matrix normalised in terms of the source RH neutrino abundance 13 It is interesting to notice that the if one would consider leptogenesis from RH neutrino oscillations, the so-called ARS scenario [36] , then since the asymmetry is produced when the source RH neutrino is ultra-relativistic, the source RH neutrino mass can be much lighter and this would certainly highly relax the constraint. A dedicated analysis would be certainly interesting in this resepct. The green region satisfies the lower bound M S > 300 GeV allowing also for successful leptogenesis. The red star, the black dotted line and the gray dotted line are respectively the best fit, 68% and 95% contour lines recently found in [19] analysing latest IceCube data including a contribution from DM (neutrinophilic) decays in addition to an astrophysical component with Fermi spectrum.
that in the Yukawa basis would be diagonal and simply given by (I, J = DM, S)
Here again we notice that we describe the system within a monochromatic approximation where momentum dependence is integrated away. As we have seen, the abundance of source RH neutrinos, N N S , is described by the simple rate equation (26) . However, when the Higgs induced interactions are turned on, they develop off-diagonal terms that have to be taken into account together in principle with decoherence effects. This evolution is then described by a density matrix equation of the form [38] 
where the first term is the Liouville-von Neumann term and the second term is the combination of the decoherence term, damping off-diagonal terms, and the repopulation (diagonal) term, describing the production of source RH neutrinos. Clearly without off-diagonal terms in the Hamiltonian, the density matrix equation would simply reduce to Eq. (26) . Moreover again a diagonal term in H cancels out and we can replace H → ∆H, with ∆H given by Eq. (8) . As often done, we can express the matrices in the Pauli matrix basis using a vectorial notation. The effective Hamiltonian in Eq. (8) can then be recast as
where the effective potential vector V is defined as
The abundance density matrix is analogously recast, introducing the quantity P 0 and the polarisation vector P , as [42] 
in a way that
Inserting Eqs. (50) and (52) into the density matrix equation (49), one obtains a set of equations for P 0 and P
where we defined P T ≡ P xx + P yŷ . If we explicitly unpack the first vectorial equation in terms of its components, we obtain the following set of four differential equations
Changing the independent variable, from t to z, one then obtains
where we have already defined D and S after Eq. (26) and we have now also introduced V ≡ V /(H z).
In the next section we show the evolution of the DM abundance obtained solving numerically this set of density matrix equations for a benchmark value M DM = 220 TeV and for different values of T RH , τ DM and M DM /M S .
Evolution of the DM abundance from the density matrix equation
In this section we fix the DM mass to a benchmark value M DM = 220 TeV and we show the evolution of the DM abundance, N DM , solving the density matrix equations presented in the previous section. We choose this particular benchmark value for M DM since it is the best fit value of DM mass found in [19] , where the authors analyse IceCube data on the high energy neutrino flux energy spectrum within a model where in addition to an astrophysical component with a power-law spectrum with spectral index γ = 2.2, there is an additional contribution from neutrinophilic DM decays.
14 Though we fix M DM , we show how the evolution of the DM abundance depends on the other three parameters of the model: the reheat temperature T RH , the lifetime τ DM and finally the ratio M DM /M S (or equivalently M S considering that M DM is fixed).
In all plots we also show the relic value of the DM abundance, indicated with N 
In particular, for our benchmark value M DM = 220 TeV, one finds N 
Dependence on the reheat temperature
In Fig. 2 we show the dependence of N N DM (z) on the reheat temperature both for an initial thermal N S -abundance (upper panel) and for an initial vanishing N S -abundance (lower panel). In particular we show N N DM (z) for different values of T RH as indicated. Notice that the value τ DM = 3.46 × 10 28 s is just the value that reproduces the observed DM abundance for T RH = 10 15 GeV and M S = 300 GeV in the case of initial thermal N S -abundance. In the case of initial vanishing N S -abundance this value for τ DM is too high, i.e., the coupling too small, to get the correct relic abundance even for maximum allowed T RH . It should be immediately noticed that the LZ approximation overestimates by many orders of magnitude the relic DM abundance. It should also be noticed how in the case of initial vanishing N S -abundance the freeze-in temperature T f ∼ 10 9 GeV is much below the resonant temperature T res ∼ 10 12 GeV. 16 Another interesting thing to highlight 14 The analysis does not straightforwardly translates to our model but it provides a good indication and motivation for the use of such value of the DM mass as benchmark value. 15 Notice that with the normalisation we choose, one has for the photon abundance N is that for initial vanishing N S -abundance, the relic value is basically independent of T RH , except for the lowest value T RH = 10 10 GeV when the production occurs close to the freezing and the relic value is not fully saturated. Therefore, T RH ∼ 10 10 GeV should be regarded as a border line value such that below this value the production is strongly suppressed since there is no time for the asymmetry to be produced. These are all features that should be addressed by an analytical description.
Dependence on the lifetime
In Fig. 3 we fix the reheat temperature to the highest possible value, T RH = 10 15 GeV, and show how the evolution of the DM abundance depends on τ DM . One can notice how for increasing values of τ DM , corresponding to larger values of Λ, the relic DM abundance decreases and vice-versa. It can be noticed how in the case of initial vanishing N S -abundance, even for a very low (and excluded by experimental data) value τ DM = 10 24 s, the relic DM abundance is a few orders of magnitude below the measured value.
Notice also how, though the final relic DM abundance is clearly strongly depending on τ DM , the freeze-in temperature is not. It should be notice that also in this case, for all values of τ DM , the LZ approximation overestimates the aboundance by about seven orders of magnitude.
Dependence on M S
Finally, in Fig. 4 TeV. It can be noticed that again, in the case of initial vanishing N S -abundance, there is no value of M DM /M S for which the relic N DM -abundance can reproduce the observed DM abundance, contrarily to the case of initial thermal N S -abundance. It can be also noticed that in the case of initial vanishing N S -abundance and for M S > M W , the relic N DM abundance does not depend on M DM /M S as far as M DM /M S 1, similarly to the independence of T RH shown in Fig. 3 . However, in the quasi-degenerate limit, for M DM M S , there is an increase of about one order of magnitude until full saturation. This is clearly the big difference with the LZ approximation where increasing the value of M DM /M S corresponds to an increased value of T res and of the mixing angle and this translates into an increase of the relic abundance despite the fact that for higher temperature the value of the N S -abundance at the resonance decreases. In the case of density matrix equation solutions, the freeze-in temperature and the evolution N DM (z) is approximately independent of M DM /M S despite the fact that the N N S is not, something that suggests that there is a compensation between higher mixing angle but smaller N N S -abundance for higher values of M DM /M S . Of course this compensation is absent assuming initial thermal N S -abundance since this stays constant for z 1 and in this way the relic abundance increases for increasing
Notice also how in the quasi degenerate limit, for M DM /M S → 1, the case originally proposed in [1] , the result from the LZ approximation tends toward the relic N DM abundance from the solution of density matrix equations though it is still two orders of magnitude higher, both in the case of initial thermal and vanishing N S -abundance. Finally, let us discuss the interesting case M S = 1 GeV (red lines). In the hierarchical limit, for M DM /M S 1, and in the LZ approximation the resonant temperature grows to very large values. In the case of initial vanishing N S -abundance the upper bound on the reheat temperature translates into the upper bound on M DM Eq. (46). However, one can see that from the numerical solutions of the density matrix equation there is no resonant temperature and actually most of the asymmetry is produced prior to the freeze-in temperature that is independent of M DM /M S . In this way the upper bound Eq. (46) does not actually hold, and one can both lower M S and increase M DM in a way to suppress the four body decay rate for M S < M W . When this happens the same lifetime is obtained for a much lower value of Λ (or equivalently higher value of the coupling λ DM−S ) and this is why for M S = 1 GeV one can see that the relic abundance greatly increases. For M DM = 220 TeV this is still not enough to reproduce the observed DM abundance in the case of initial vanishing N S -abundance. However, as we will see, an allowed region at high values M DM 20 PeV, for M S = 1 GeV, opens up also for vanishing initial N S -abundance.
Oscillations of the RH neutrino DM abundance prior to the freeze-in
In Fig. 5 we also show a log-linear plot of N DM for initial thermal N S -abundance highlighting the oscillations of the DM abundance prior to the freze-in. In this case we show the evolution N DM (z) for fixed M S = 300 GeV but for three different choices of T RH and τ DM , in a way that the observed DM abundance is reproduced in all three cases. As one can see, we still choose the benchmark values T RH = 10 15 GeV and τ DM = 3.46 × 10 28 s. The vertical line indicates the resonant temperature within the LZ approximation, and it can be noticed again how this is much higher than the freeze-in temperature. For this reason in the density matrix equation solution, though the production is much less efficient than in the LZ approximation, this occurs at much lower temperatures and this allows to increase the scale of DM and lower the scale of the source RH neutrino partly compensating the reduced efficiency.
Unifying dark matter and leptogenesis
Within the Higgs induced RHiNo DM model, the explanation of the DM abundance can be combined with an explanation of the matter-antimatter asymmetry within leptogenesis, obtaining a unified picture of neutrino masses, dark matter and leptogenesis [2] . In this case the source RH neutrino should interfere with a third RH neutrino species and they should be quasi-degenerate in order for the CP asymmetry to be resonantly enhanced and have successful leptogenesis much below the lower bound of 10 10 GeV holding in the hierarchical case. The observed baryon-to-photon ratio is given by [27] η obs B0 = (6.12 ± 0.04) × 10 −10 .
Using the same normalisation as for the RH neutrino abundances, the final B − L asymmetry is related to the baryon-to-photon ratio predicted by leptogenesis simply by
is the final N B−L value needed to reproduce the observed value of η B0 . The evolution of the B − L asymmetry with temperature can be calculated as the sum of six contributions both on the two heavy neutrino flavours, the source and the interfering RH neutrinos, and on the three charged lepton flavours considering that the asymmetry will be generated in the three flavoured regime. We can then write
where N
∆α (z) and N
∆α (z) are the abundances of the flavoured asymmetries ∆ α ≡ B/3 − L α generated by the lightest and next-to-lightest RH neutrino (the source RH neutrino can be either one or the other). The flavoured asymmetries can be calculated as (I = 1, 2)
where ε Iα are the CP flavoured asymmetries and K Iα are the flavoured decay parameters associated to the RH neutrino N I , while κ I (z S , K 1α + K 2α ) is the efficiency factor at temperature T = M S /z S and an analytical solution of the Boltzmann equation gives
where W (z S , K 1α + K 2α ) is the wash-out term including inverse decays and ∆L = 1 scatterings. Notice that in D and S we are implying a dependence on the total decay parameter K I = α K Iα . We refer the reader to [43] for detailed expressions of flavoured CP asymmetries, flavoured decay parameters and wash-out term. Here we can say that the asymmetry N B−L (z) depends on the low energy neutrino parameters, including the low energy phases, the degeneracy δ lep ≡ |M 1 − M 2 |/M 1 and one complex angle in the orthogonal matrix that parameterises the Dirac neutrino mass matrix.
For a specific choice of these parameters that satisfies successful leptogenesis and such that the asymmetry is dominantly produced by the decays of the source RH neutrinos, we plotted in Fig. 6 the evolution of the B − L asymmetry N B−L (z). We also plotted N N DM (z) for a choice of values of the parameters in the Higgs induced RHiNo DM scenario that also reproduces the correct observed DM abundance (the same values as in case A in Fig 5) . 
Bounds on the DM mass
In Fig. 7 we summarise the results we have found for different choices of the parameters plotting the allowed regions in the M DM -τ DM plane. In the higher panel we imposed the most conservative upper bound T RH < 10 15 GeV, in the central panel we imposed T RH < 10 12 GeV and finally in the bottom panel we set more stringently T RH < 10 10 GeV.
In the upper panel, for T RH < 10 15 GeV, one can see how the only way to have an allowed region for vanishing initial N S -abundance is for M S < M W and in particular we show the allowed region for M S > 1 GeV. As we discussed this has the effect to suppress the four body decay rate nullifing the upper bound on M DM . However, one can see how in this case there is a lower bound M DM 20 PeV. On the other hand, for initial thermal N S -abundance, values M S > M W and even values M S > 300 GeV compatible with a traditional scenario of leptogenesis from decays, allowed regions exist. In particular for M S > 300 GeV one has 0.5 TeV M DM 0.5 PeV and lifetimes as large as 10 31 s are allowed. One should appreciate how improvement in the lower bound on τ DM from neutrino telescope experiments will progressively test the scenario placing more and more stringent constraints. In the central panel, for T RH < 10 12 GeV, there is no significant reduction of the allowed regions and this is in line with what we noticed in Fig. 3 : most of the DM abundance is produced prior to the freezing at T f ∼ 10 9 GeV and therefore only when T RH gets closer to 10 9 GeV one has a noticeable reduction of the relic DM abundance.
In the lower panel, for T RH < 10 10 GeV all allowed regions shrink considerably and in particular there is no allowed region for initial N S -abundance even for M S > 1 GeV. This stringent upper bound on the reheat temperature might be motivated for example by a supersymmetric version of the scenario requiring an avoidance of the gravitino problem [44] .
Final discussion
We have studied the production of the DM abundance within the Higgs induced RHiNo DM model solving numerically density matrix equation. The results show that the LZ approximation overestimates the DM abundance by many orders of magnitude. In the quasi-degenerate limit the mismatch is minimum but still the DM abundance is overestimated by two orders of magnitude. It is then clear that a solution of density matrix equation is crucial. Moreover the DM production occurs at temperatures much below the resonant temperature and this allows to open solutions for low values of the source RH neutrino mass implying. We have seen that in this way solutions for initial vanishing N S -abundance are still possible but only for M S below the W boson mass and with a stringent lower bound on M DM . In particular, imposing M S > 1 GeV, we obtained M DM 20 PeV. In this case one cannot reproduce the matter-antimatter asymmetry within traditional leptogenesis from decays but it opens the question whether this can be achieved considering leptogenesis from RH neutrino mixing that works indeed for GeV RH neutrino masses [36] .
If one wants M DM ∼ 100 TeV, as IceCube data seem to favour, these results then motivate the possibility to consider processes able to thermalise the source RH neutrino prior to the DM abundance freezing. The existence of such processes is certainly plausible if one thinks that the non-renormalisable interactions in any case requires a UV-completion. One can for example think that the RH neutrinos at high temperatures might have extra-gauge interactions and can get produced by very heavy Z bosons, a well known possibility [45] . However, even more interestingly, one can think that the Higgs induced interactions for the source RH neutrinos are actually much stronger than for the DM RH neutrino and able to thermalise the source RH neutrinos prior to the DM production. This possbility is quite attractive since it would not require additional interactions.
There is also another intriguing possibility emerging from our study. Within the LZ approximation it was necessary to impose M DM > M S in order to have a resonance. However, the numerical solution of the density matrix equations show that the DM production is actually non-resonant. One can then wonder whether solutions with M DM < M S might open up. These would be quite interesting since in this case the DM RH neutrino would be the lightest RH neutrino and one could embed the mechanism within traditional two RH neutrino high energy scale seesaw models.
Of course it would be also desirable to have an analytic understanding of our numerical results. 17 In particular, it would be quite useful to have an analytic expression for the final relic DM abudance and for the freeze-in temperature.
Our results also should be generalised taking into accont the momentum distribution. However, since RH neutrinos do not contribute to the effective potentials, complicated backreaction effects are excluded and including the momentum dependence should produce only corrections.
In conclusion a density matrix calculation of the Higgs induced RHiNo DM relic abundance is certainly necessary and confirms that the mechanism can well reproduce the observed DM abundance also simultaneously with the matter-antimatter asymmetry. However, it also paves the way for new interesting possibilities motivating further investigation in different directions.
Appendix A: Two body decay rate
In this Appendix we first derive the mixing angle induced by the Anisimov operator between the DM and the source RH neutrino at zero temperature Eq. (32) and responsible for the two body decay channel and then the resulting DM life time when two body decays dominate. After electroweak spontaneous symmetry breaking the Lagrangian Eq. (2) 
This can be (Takagi) diagonalised by a unitary matrix U Λ T R , in a way that
where 
The mixing angle can be easily calculated from (65). The correction to the masses is negligible and one can approximate M I M I . The important point is that in the new primed basis of mass eigenstates the neutrino Dirac mass matrix becomes m DαI = m DαJ U RJI and so using the parameterisation (67) one finds 
showing that the Higgs portal interactions generate small effective Yukawa couplings in the DM mass eigenstate that induce eventually its decays with a decay rate Γ DM →A+ν S = θ 
